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Abstract: Th e aim of this study was (i) to evaluate the impact of water defi cit and rehydration on nitrogen compounds 
and abscisic acid of Vigna unguiculata leaves, and (ii) to investigate the hypothesis that abscisic acid infl uences proline. 
Th e experimental design was entirely randomized in a factorial design, with 2 water conditions (control and stress) and 
7 evaluation periods (0, 1, 2, 3, and 4 days under water defi cit, followed by the 5th and 6th day under rehydration). Th e 
leaf relative water content presented signifi cant reduction, presenting a lower value on the 4th day of treatment under 
water defi cit. Aft er rehydration, the plants reestablished the leaf relative water content. Th e correlation analysis suggested 
a signifi cant relationship between the leaf relative water content and abscisic acid. Th e abscisic acid concentration of 
the plants under water defi ciency were of 2.4, 45.9, 42.6, 47.9, 66.9, 9.2, and 5.5 mg kg-1 DM on days 0, 1, 2, 3, 4, 5, and 
6, respectively. Rehydration quickly decreased abscisic acid. In addition, the correlation analysis indicated a signifi cant 
relationship between abscisic acid and proline. Th e proline levels of the plants under stress showed signifi cant increases 
by  67%, 354%, 423%, and 532% on the 1st, 2nd, 3rd, and 4th day, respectively, when compared with control plants. Th is 
study with Vigna unguiculata plants reveals negative consequence of water defi ciency over nitrogen metabolism, and 
fast recovery aft er rehydration. Th e nitrogen compounds and enzymes presented direct and indirect responses in the 
osmotic adjustment of the plant, as well as increasing abscisic acid concentration with the intent to decrease water loss 
in Vigna unguiculata induced by the water defi ciency. Furthermore, a positive relationship between abscisic acid and 
proline synthesis was confi rmed.





Drought is one of the key sources of abiotic stress, 
since it induces smaller growth and development rates, 
fl ower aborting, and decreases crop yields during 
the vegetative, reproductive, and maturation stages 
(Showemimo and Olarewaju 2007). Usually, drought 
consequences on plants are studied in controlled/
artifi cial conditions through water restriction. Th e 
cowpea is a tropical legume with lower water and 
nutritional exigencies when compared to other 
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legumes like soybean and common bean.  In addition, 
the seeds can be used in human diet since they are 
sources of starch (500-650 g kg-1) and proteins (80-
350 g kg-1), which are the major compounds in the 
grain (Olivera et al. 2003). Th ese characteristics 
suggest that this crop should be used in regions with 
lower water supplementation (Lobato et al. 2009a).
Vascular plants present several strategies to 
minimize the negative eff ects induced by water 
defi ciency, being morphological modifi cations 
like increase in root size (Lobato et al. 2008a) and 
reduction in leaf area (Anyia and Herzog 2004).
During water defi ciency there are plant 
physiological mechanisms like stomatal closing and 
decrease in the transpiration and photosynthetic 
rates (Martinez-Ballesta et al. 2004; Krouma 2010), 
biochemical processes as osmotic adjustment 
characterized by accumulation of organic solutes 
used to maintain the cell turgor (Kuznetsov and 
Shevyakova 1997), and proteolysis process, which is 
the protein breakdown to form others nitrogenous 
compounds (Ezzine and Ghorbel 2006). 
Proline is an amino acid that is usually synthesized 
in large amounts under conditions of biotic stress like 
pathogen infection (Lobato et al. 2009b; Lobato et 
al. 2010) and abiotic stress such as water defi ciency 
(Costa et al. 2008), salt stress (Silveira et al. 2003a), 
and heavy metal stress (Chen et al. 2001). Th is 
accumulation is associated with osmoprotection 
functions (Cayley et al. 1992), osmotic adjustment 
(Oliveira Neto et al. 2009), and antioxidant activity 
(Sharma and Dietz 2006). Recent studies on the 
proline action in transgenic Triticum aestivum L. 
plants indicate that this nitrogenous compound 
decreases the damage induced by water defi ciency, 
and consequently increases the plant tolerance 
(Vendruscolo et al. 2007). Husaini and Abdin (2008) 
studied the consequences of salt stress in transgenic 
Fragaria x ananassa Duch. plants and observed 
that the modifi ed plants presented higher proline 
amounts and they were more tolerant to salt stress, 
when compared to wild plants.
Th e abscisic acid (ABA) hormone is synthesized in 
the plastids, and is linked to the stomatal mechanism 
(Kirda et al. 2007) and quickly responds to water 
defi ciency (Liu et al. 2005). Th e ABA can be produced 
in the roots and/or shoots, but this hormone is 
usually synthesized under water defi ciency in the 
roots and translocated to leaves in order to improve 
stomatal control. Th e ABA signalization pathway 
depends on the Ca+ infl ux into the cytosol (Nayyar 
and Kaushal 2002) activating the K+, Cl-, and 
malate-2 effl  ux channels to external medium, through 
plasmatic membranes and concomitantly blocking 
the K+ entrance to cytosol. Th erefore, the cytosol 
solute fl ux in the direction of the cell wall results in 
a decrease of turgescence pressure in the guard cells 
and consequently the stomata are closed (Assmann 
2003).
Th e aim of the present study was to evaluate 
the impact of the water defi ciency and rehydration 
on nitrogen compounds and abscisic acid of Vigna 
unguiculata leaves. In addition, the hypothesis that 
abscisic acid concentration infl uences proline levels 
was also investigated.
Materials and methods
Plant material and experimental conditions
Th e Vigna unguiculata seeds of the Vita 7 cultivar 
were used in this study, which were treated with 
2.5% sodium hypochlorite solution. Th is cultivar 
was developed and obtained from Empresa Brasileira 
de Pesquisa Agropecuária (Embrapa/Brazil). Th e 
plants were grown in a glasshouse situated in the 
Universidade Federal do Ceará (UFC), Fortaleza, 
Ceará State, Brazil, under natural photoperiod of 12 
h and day/night temperature means of 29/25 °C, and 
63%/85% of relative humidity, respectively. Maximum 
photosynthetic active radiation (PAR) at midday was 
approximately 1500 mmol m-2 s-1, measured at plant 
level (LI-COR, model 190SA).
Experimental design
Th e  experimental design used was entirely 
randomized in a factorial design with 2 water 
conditions (control and stress) and 7 evaluation 
periods (0, 1, 2, 3, and 4 days under water defi cit, 
followed by 5th and 6th day under rehydration). 
Th e experiment was composed of 6 replicates and 
84 experimental units, where each plant was one 
experimental unit.
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Plant growth and harvest
Five seeds were placed into pots with a capacity of 
800 cm3 containing sand and vermiculite as substrate 
in proportion of 2:1, respectively. Aft er 7 days, the 
seedlings were thinned to 1 seedling per pot. Th e 
plants (control and stress) were watered with 0.5 L 
pot-1 of Hoagland and Arnon (1950) nutrient solution 
modifi ed in the NO3- content at 5 M. Th e plants were 
maintained in a Leonard pot, and nutrient solution 
changed in constant intervals of 4 days, with pH 
adjusted at 6.0 ± 0.5 by adding HCl or NaOH. On 
the 8th and 12th days, the roots were inoculated with 
Bradyrhizobium spp. BR-3256 (CB-756) at 109 cells 
plant-1, supplied by Empresa Brasileira de Pesquisa 
Agropecuária (Embrapa/Brazil). All the plants 
were grown until the 28th day as described above. 
Subsequently, the plants under the stress treatment 
were submitted to 4 consecutive days without 
nutrient solution, and, aft er this period, rehydrated 
with distilled water for 2 days. Th e plants under the 
control treatment were watered with nutrient solution 
for 4 days, followed by 2 days with distilled water. In 
each period, the leaves present in middle region of 
the plant were removed, washed with distilled water, 
dried with fi lter paper, and the leaf relative water 
content was determined instantaneously. Aft er that, 
the leaves were frozen in liquid nitrogen and kept at 
–20 °C for subsequent biochemical determinations. 
Leaf relative water content
Th e leaf relative water content (LRWC) was 
evaluated in leaf disks of 10 mm diameter. For each 
plant 40 disks were removed and the RWC was 
calculated according to the formula proposed by 
Slavick (1979):
LRWC = [(FM-DM)/(TM-DM)] × 100,
where FM is fresh matter, TM is turgid matter 
evaluated aft er 24 h and saturated in deionized 
water at 4 °C in the dark, and DM is the dry matter 
determined aft er 48 h in an oven with forced air 
circulation at 80 °C.
Glutamine synthetase activity
Th e extraction of the glutamine synthetase 
enzyme (E.C. 6.3.1.2) was carried out with 200 mg 
of leaf tissue ground in liquid nitrogen. Th e samples 
were then incubated in 5 mL of extraction mix (Tris-
HCl buff er pH 7.6 containing 10 mM MgCl2, 10 
mM β-mercaptoethanol, 5% (w/v) PVP, and 5 mM 
EDTA), homogenized, centrifuged at 30,000 ×g for 
10 min, and the supernatant was removed. All the 
procedures were carried out in the interval of 0-4 °C. 
Th e quantifi cation of the enzyme activity was carried 
out using the method of Kamachi et al. (1991) with 
absorbance at 540 nm, and g-glutamylhydroxamate 
(Sigma Chemicals) was used as a standard.
Leaf powder
Th e leaves were harvested and placed in an oven 
with forced air circulation at 70 °C for 96 h. Th e leaf 
dry matter was triturated and the powder was kept in 
glass containers, which remained in the dark at 15 °C 
until biochemical analysis.
Amino acids and proline
Th e amino acids were determined in 50 mg of 
leaf dry matter powder incubated in 5 mL of sterile 
distilled water at 100 °C for 30 min. Aft er being 
homogenized, it was centrifuged at 2000 ×g for 5 
min at 20 °C and the supernatant was removed. Th e 
quantifi cation of the total soluble amino acids was 
executed at 570 nm according to Peoples et al. (1989), 
and L-asparagine + L-glutamine (Sigma Chemicals) 
was used as a standard. Th e quantifi cation of proline 
was performed aft er measuring the absorbance at 
520 nm according to Bates et al. (1973) based on 
L-proline (Sigma Chemicals) as standard.
Total soluble proteins
Th e determination of the total soluble proteins 
was performed in 100 mg of leaf powder incubated 
in 5 mL of extraction buff er (Tris-HCl at 25 mM and 
pH 7.6). Th e mixture was kept in agitation for 2 h, 
aft erwards centrifuged at 2000 g for 10 min. at 20 
°C and subsequently the supernatant was removed. 
Th e quantifi cation of the total soluble proteins was 
carried out at 595 nm according to Bradford (1976) 
with albumin bovine (Sigma Chemicals) used as 
standard.
Abscisic acid determination
Th e samples of leaf dry matter were extracted 
in 80% (v/v) acetone containing BHT (butylated 
hydroxy-toluene) at 0.45 mM and BHA (butylated 
hydroxy-anisole) (Sigma chemicals) at 0.55 mM, 
during 7 days under 4 °C, according to Norman et 
al. (1990) with minor modifi cations. Subsequently, 
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the extract was incubated in saline buff er (Tris-NaCl 
at 50 mM pH 7.5) (Merck Reagents), centrifuged at 
7000  ×g for 10 min at 10 °C, and the supernatant 
removed. Th e quantifi cation was carried out using 
Phytodetek ABA kits (Phytodetek reagents). 
Data analysis
Th e data were subjected to variance analysis 
and signifi cant diff erences between means were 
determined by Tukey test at 5% level of error 
probability. Th e correlation analysis was performed 
by the Person parametric method, and the statistical 
procedures were carried out with the SAS soft ware. 
Results
 Leaf relative water content and leaf dry matter
Th e leaf relative water content results revealed 
that water defi ciency induced  signifi cant decrease in 
this parameter, and the values showed in the stress 
treatment were at 88%, 86%, 80%, 72%, 68%, 90%, 
and 91% during the 0, 1st, 2nd, 3rd, 4th, 5th, and 6th 
day, respectively. Th e lower value was observed on 
the 4th day of the treatment under water defi cit. Aft er 
rehydration (5th and 6th day), the plants under water 
defi ciency reestablished the leaf relative water content 
to the same levels as the control plants (Figure 1a). 
Leaf dry matter was severely aff ected by the 
simulated water defi cit, while the control treatment 
presented an increase in all the evaluated points 
(Figure 1b). Th e plants under water stress presented 
a decrease in leaf dry matter only on the 3rd and 4th 
days aft er water restriction. Th e rehydration of the 
plants under water defi cit promoted an increase in 
leaf dry matter but the increase was not signifi cant.
Th e correlation analysis suggests that there is a 
signifi cant relationship between leaf relative water 
content and abscisic acid concentration (r = 0.88; P 
< 0.01) (Figure 2).
 Glutamine synthetase activity, total soluble 
amino acids, and total soluble proteins
Glutamine synthetase activity was aff ected by 
water defi ciency, and 2 days of stress were suffi  cient 
to induce a signifi cant increase (Figure 3a). Th e 
maximum value observed was 115 μmol GGH g-1 
FM on the 4th day under water stress. Rehydration 
promoted a decrease in the glutamine synthetase 
Figure 1.  Leaf relative water content (A) and leaf dry matter (B) 
in Vigna unguiculata plants cv. Vita 7 subjected to 4 
days of water restriction and 2 days of rehydration. 
Means followed by the same letter are not signifi cantly 
diff erent by the Tukey test at 5% of probability. Th e 
bars represent the mean standard error and the arrow 
indicates the rehydration point.
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Figure 2. Relationship between leaf relative water content and 
abscisic acid concentration in Vigna unguiculata 
plants cv. Vita 7 subjected to 4 days of water restriction 
and 2 days of rehydration. Th e bars represent the 
mean standard error and the asterisks (**) indicate 
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activity with the 6th day presenting statistically equal 
activities between the control and stress treatments. 
Th e levels of amino acids were signifi cantly 
increased on the 1st day. Th e plants  under water 
defi cit presented the amounts of 62, 107, 110, 123, 
138, 62, and 56 μmol g DM-1 on the 0, 1st, 2nd, 3rd, 
4th, 5th, and 6th day, respectively, while the plants 
of the control treatment presented amino acids 
amount between 65 and 60 μmol g-1 DM (Figure 3b). 
Rehydration of th e plants under stress reduced the 
amino acid levels to the same level as the control.
Water defi ciency induced progressive changes in 
the protein levels, where on the 3rd, 4th, 5th and 6th 
day signifi cant decreases of 10%, 35%, 63%, and 56%, 
respectively, were observed when comparing the 
stress treatment with the control (Figure 3c).  Th ese 
results revealed that despite of the rehydration of the 
water restricted plants on the 4th day, the plants were 
not able to recover the content of protein to the same 
level as the control aft er 2 days of rehydration.
 Abscisic acid concentration and proline
Water defi cit simulation induced a signifi cant 
increase in the abscisic acid concentration, and 
values verifi ed in the stress treatment were 2.4, 45.9, 
42.6, 47.9, 66.9, 9.2, and 5.5 mg kg-1 DM on days 0, 1, 
2, 3, 4, 5 and 6, respectively (Figure 4a).   Th e control 
plants presented values between 2.4 and 5.2 mg kg-1 
DM. Th e rehydration induced a rapid decrease in the 
abscisic acid concentration, but the concentration of 
the treatment stress was equal to the control only on 
the 6th day. 
Proline levels of the plants under stress increased 
due to water restriction, in which the stress treatment 
presented signifi cant increases of  67%, 354%, 423%, 
and 532% on the 1st, 2nd, 3rd, and 4th day, respectively, 
when comparing with  the control (Figure 4b).  Aft er 
rehydration, the proline levels of the plants subjected 
to water defi cit were reduced; however, only on the 
6th day was it statistically similar to the control. In 
addition, the correlation analysis shows a signifi cant 
relationship between abscisic acid concentration and 
proline level (r = 0.97; P < 0.01) (Figure 5).
Discussion
Reduction in leaf relative water content of the 
water restricted plants reveals that the simulated 
stress was suffi  cient to promote signifi cant changes 
in this parameter with biochemical and physiological 
consequences for the plant. Subsequently, the 
rehydration reestablished the amount of water in 
the leaf and demonstrates the fast absorption and 




























































































































Figure 3. Glutamine synthetase activity (a), total soluble amino 
acids (b) and total soluble proteins (c) in Vigna 
unguiculata plants cv. Vita 7 subjected to 4 days of 
water restriction and 2 days of rehydration. Means 
followed by the same letter are not signifi cantly 
diff erent by the Tukey test at 5% of probability. Th e 
bars represent the mean standard error and the arrow 
indicates the rehydration point.
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leaf. Similar results on decrease in leaf relative water 
content were reported by Lobato et al. (2008b) in 
Vigna unguiculata plants under water defi ciency.
Stress plants maintained the dry matter in the 
earliest periods; however, in the late period this 
parameter was reduced. Maintenance is probably due 
to lower water volume in the tissue, because the water 
acts as substrate to expansins activities (Kerbauy 
2004), and as a response paralysation of shoot 
growth will occur under these conditions (Lobato 
et al. 2008a). Additionally, the decrease verifi ed in 
this parameter is linked to leaf loss obtained in the 
experiment. Th e results reveal that rehydration 
does not result in the total recuperation of the leaf 
dry matter, because stressed plants have a rate of 
growth smaller than the control, demonstrating the 
irreversible damage of the water defi cit. Lobato et al. 
(2008c) studying the eff ects of the water defi ciency 
in Glycine max L. Merr plants found similar results.
Th e increase in the glutamine synthetase 
activity of the plants under water defi cit is probably 
linked to its osmotic adjustment process because 
this enzyme acts by consuming ammonium and 
producing amino acids that can contribute directly 
to the plant’s osmotic adjustment (Oliveira Neto 
et al. 2009). Th e rehydration induced a signifi cant 
reduction in glutamine synthetase level only on the 
6th day, and this fact contributes to the previously 
cited hypothesis, due to the slow recuperation of this 
enzyme to normal level. Th e increase in glutamine 
synthetase activity obtained in this study is similar to 
that observed by Silveira et al. (2003a) investigating 
the metabolic consequences of salt stress in leaves 
and roots of Anacardium occidentale L.
Th e increase in the amount of total soluble 
amino acids in the water defi ciency-induced plants 
is due to the biosynthesis of amino acids, such as 
glycinebetaine and proline, that can be used as 
organic compounds with high affi  nity by the water, 
and, consequently, decrease the negative eff ects of 
water defi ciency (Lobato et al. 2009c).  Th e water 
availability provoked fast reestablishing of this 
parameter. Sircelj et al. (2005) working with 2 Malus 
domestica Borkh. cultivars described similar results 
as shown in this investigation on the increase in 














































































Figure 4. Abscisic acid concentration (a) and proline (b) in 
Vigna unguiculata plants cv. Vita 7 subjected to 4 
days of water restriction and 2 days of rehydration. 
Means followed by the same letter are not signifi cantly 
diff erent by the Tukey test at 5% of probability. Th e 
bars represent the mean standard error and the arrow 
indicates the rehydration point.
Figure 5. Relationship between abscisic acid concentration 
and proline in Vigna unguiculata plants cv. Vita 7 
subjected to 4 days of water restriction and 2 days of 
rehydration. Th e bars represent the mean standard 
error and the asterisks (**) indicate the signifi cance at 
0.01 probability level.
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Th e progressive reduction of total soluble proteins 
during water defi ciency in the plants was induced 
by proteolysis (Debouba et al. 2006) with the 
liberated amino acids used during the plant osmotic 
adjustment. Th e rehydration did not promote the 
return of the total soluble proteins to the same 
level as the control plants. Th is fact indicates a slow 
recuperation of this parameter probably because the 
proteins depend on other nitrogen compounds for 
synthesis. Th e behavior shown in proteins during 
water defi cit was described by Hamidou et al. (2007) 
evaluating 5 genotypes; furthermore the results 
presented during rehydration are similar to those 
reported by Silveira et al. (2003b), both being studies 
performed with Vigna unguiculata plants. 
Th e progressive increase in abscisic acid 
concentration in the plants of the stress treatment 
is related to the stomatal mechanism, because this 
hormone, under these conditions, provokes stomatal 
closing (Stikic and Davies 2000), consequently 
reducing the water losses during the gas 
exchanges in essential physiological processes like 
transpiration and photosynthesis (Liu et al. 2005). 
Based on this study, the leaf relative water content 
infl uences abscisic acid concentration present in the 
leaf. Th erefore, the relative water content acts as a 
signal and the abscisic acid works during the signal 
transduction due to the easy and fast movement of 
this compound into plant tissue, and as a response 
the stomatal closing occurs in Vigna unguiculata 
plants subjected to water defi cit. Th e fast decrease 
in the abscisic acid concentration aft er rehydration 
indicates the effi  ciency of the signalization pathway, 
transduction, and consequent response of this 
compound. Th e results reported in this study on 
abscisic acid are corroborated by Hsu et al. (2003) 
evaluating the consequences of water stress in Oryza 
sativa L., and the eff ects of heavy metal stress in 
Cicer arietinum L. (Atici et al. 2005).
Water defi cit promoted a progressive increase 
in proline levels, and this fact was due to the rise in 
the enzymatic activity of Δ-pyrroline-5-carboxylate 
synthase (P5CS) that is induced under water 
defi ciency (Lei et al. 2007). Proline is accumulated 
during inadequate environment conditions, occurring 
without toxicity or damage in cells, membranes, and/
or tissues (Pimentel 2004). In addition, the results 
obtained suggest that abscisic acid mediates actively 
and signifi cantly the proline accumulation and 
consequent osmotic adjustment in Vigna unguiculata 
leaves induced to water defi cit and rehydration. A 
recent study indicated that Vigna unguiculata plants 
considered resistant to water defi cit presented proline 
accumulation (Costa et al. 2008) and consequently 
are more adapted to environments with low water 
supplement, when compared to sensitive plants. Th e 
rehydration reduced the proline levels, suggesting 
that this nitrogen compound participates actively in 
the osmotic adjustment in this species. Th e proline 
accumulation during water defi cit presented in this 
study is similar with results reported by Sarker et al. 
(1999) investigating Triticum aestivum, and by Smita 
and Nayyar (2005) evaluating Cicer arietinum.
Our study indicates a negative interference 
promoted by water defi cit in nitrogen metabolism of 
Vigna unguiculata plants, and also a fast recovery aft er 
rehydration. Th e water restriction promoted decreases 
in leaf relative water content and leaf dry matter.  Th e 
nitrogen compounds as total soluble amino acids 
and proline and the enzymatic activity of glutamine 
synthetase presented signifi cant increases, which are 
direct and indirect responses involved in the osmotic 
adjustment of the plant, in addition to an increase 
in abscisic acid concentration with the objective to 
relieve water loss in Vigna unguiculata induced by 
water defi ciency. However, the total soluble proteins 
were reduced probably due the proteolysis process. 
Furthermore, a positive relationship between abscisic 
acid and proline synthesis was confi rmed.
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